We report what is to our knowledge the first photochemical fabrication of a long-period grating in a purefused-silica photonic crystal fiber. The inscription technique is based on a two-photon absorption mechanism and does not require a specially designed photonic crystal fiber with a photosensitive Ge-doped core. The characteristic fluence value for the inscription is an order of magnitude less than that for a standard telecom fiber irradiated under similar conditions with the same grating parameters. © 2006 Optical Society of America OCIS codes: 060.0060, 060.2340, 060.2370 Long-period fiber grating (LPFG) fabrication in a photonic crystal fiber (PCF) made of pure fused silica has been known since 2002. 1 For this purpose, nonphotochemical inscription techniques are commonly used, which modify the refractive index in the fiber cladding either by heating (using CO 2 laser light 1,2 or an electric arc discharge 3-5 ) or by applying mechanical pressure. 6 The first photochemical inscription of an LPFG in a PCF was made as early as 1999; however, in this work the core of the PCF was doped by Ge, and the linear absorption of the Ge dopant was used for inscription by the single-photon mechanism. 7 In this Letter we report the photochemical recording of LPFGs in a pure-fused-silica PCF, which is based on two-photon absorption (TPA) of highintensity femtosecond 264 nm pulses (see e.g., Ref. 8). Though TPA-induced long-period grating fabrication was achieved recently in a hydrogenated standard telecom fiber, 9-11 possessing a very low linear absorption at 264 nm, to our knowledge this approach had not been implemented in a PCF until now.
Long-period fiber grating (LPFG) fabrication in a photonic crystal fiber (PCF) made of pure fused silica has been known since 2002. 1 For this purpose, nonphotochemical inscription techniques are commonly used, which modify the refractive index in the fiber cladding either by heating (using CO 2 laser light 1, 2 or an electric arc discharge [3] [4] [5] or by applying mechanical pressure. 6 The first photochemical inscription of an LPFG in a PCF was made as early as 1999; however, in this work the core of the PCF was doped by Ge, and the linear absorption of the Ge dopant was used for inscription by the single-photon mechanism. 7 In this Letter we report the photochemical recording of LPFGs in a pure-fused-silica PCF, which is based on two-photon absorption (TPA) of highintensity femtosecond 264 nm pulses (see e.g., Ref. 8). Though TPA-induced long-period grating fabrication was achieved recently in a hydrogenated standard telecom fiber, 9-11 possessing a very low linear absorption at 264 nm, to our knowledge this approach had not been implemented in a PCF until now.
In the experiments we used an endlessly singlemode PCF ESM-12-01 from Blaze Photonics (now Crystal Fibre A/S), which was kindly supplied by the Photonics & Photonic Materials Group at the University of Bath, UK, and for comparison we used the standard Corning telecom fiber SMF-28 (supplied by Elliot Scientific). The ESM-12-01 has a 12 m core diameter surrounded by four rings of holes (hole diameter, 3.7 m; hole pitch, 8 m; number of holes, 54), and its outside diameter is 125 m. The pieces of the PCF used in the experiments were 0.3-0.5 m long. To decrease the rate of hydrogen out-diffusion from the PCF, it was pigtailed to two 0.5 m long pieces of SMF-28 fiber by splicing before hydrogenation. The telecom SMF-28 fiber has a core diameter of 8.2 m and a cladding diameter of 125 m. Both fibers were sensitized under similar conditions (in a hydrogen atmosphere at 150 bars, at 70°C, for two weeks).
For LPFG inscription, we applied femtosecond UV laser pulses 8 [ = 264 nm, ⑀ p Ϸ 200 J, = 220 fs (FWHM), 2w = 0.3 cm (FWHM), f = 27 Hz], which were directed by a 46.9 cm CaF 2 spherical lens through a 250 m rectangular slit onto the fiber (with the acrylate coating removed). The displacement of the lens with respect to the fiber allowed us to adjust the incident UV irradiation intensity in the 300-400 GW/ cm 2 range. The slit was centered relative to the beam axis and placed close to the fiber at ϳ1 mm distance. The movement of the fiber and the control of the light fluence was accomplished according to the method described earlier. [10] [11] [12] The irradiated fiber was fixed on a 50 mm (1 m resolution) computer-controlled translation stage PI 405.DG and was exposed point by point with a period of ⌳ = 500 m. The length of the fabricated LPFG was equal to 1 cm. The evolution of the LPFG transmission loss peaks was monitored in situ with a whitelight source AQ4305 and an optical spectrum analyzer AQ6317C.
Figures 1(a), 1(b), and 1(c) present the typical spectrum of transmission loss, the peak wavelength, and amplitude dependencies versus the incident fluence, respectively, for an LPFG inscribed in a hydrogenated ESM-12-01 fiber. Figures 2(a)-2(c) present the corresponding dependencies for an LPFG inscribed in a H 2 -loaded SMF-28 fiber.
The first statement to be made is that the LPFG spectrum created in the PCF by high-intensity 264 nm femtosecond light pulses shows very strong resonance peaks with up to ϳ20 dB grating strength [ Fig. 1(a) ]. As the bandgap energy value of pure fused silica is about 9.3 eV, 13 this bandgap could be bridged only by two 264 nm light quanta with an energy of 4.7 eV, which is in line with the recent experiment on fiber Bragg grating (FBG) inscription in a PCF using high-intensity 267 nm pulses. 14 The loss spectrum, shown in Fig. 1(a) , demonstrates an excellent LPFG quality (regular form of the peaks and absence of outband losses) despite the two splices decreasing the initial signal level by 15 dB. All the transmission loss peaks are shifting monotonically toward the longer wavelengths with the increase in incident fluence [ Fig. 1(b) ]. From Fig. 1(c) it follows that at an incidence fluence of 10 J / cm 2 peak A reaches its maximum [coupling factor is equal to / 2 (Ref. 15) ]. Such an effect is common for LPFG inscription with a high value of excitation energy (e.g., using 157 nm light 16 ) and to our knowledge has never before been demonstrated in a PCF. However, the most striking feature of the data presented in Fig. 1(c) is the extremely low value of fluence necessary for the recording of an LPFG in a hydrogenated PCF.
Indeed, to fabricate a FBG in a hydrogenated PCF with a reflection peak of 7 dB, 14 one needs a huge fluence value of 70 kJ/ cm 2 . In our experiments with FBG inscription in H 2 -loaded SMF-28, a fluence value of 1.2 kJ/ cm 2 was enough to record a reflection peak of more than 45 dB, 17, 18 meaning that FBG fabrication in a PCF, in comparison with standard telecom fiber, requires two orders more fluence. In contrast, for LPFG fabrication in PCF, only 10 J / cm 2 fluence is enough to record a 20 dB peak [Figs. 1(a) and 1(c)] in comparison with ϳ120 ͑160͒ J/cm 2 fluence value necessary for the inscription of the ϳ24 dB K (or L) peak in SMF-28 [ Figs. 2(a) and 2(c) ].
Although both these effects, the difficulty in writing a FBG in a PCF and the easiness of recording an LPFG, could be explained by a quick redistribution of hydrogen from the core to the cladding before the inscription, which enhances the photosensitivity of the cladding and reduces that of core, there are some other points that are specific for either FBG or LPFG fabrication in a PCF. For example, during the FBG inscription the presence of the holes decreases the contrast of the interference picture created by the phase mask, but this circumstance is not important in the case of LPFG fabrication where the grating period is much larger than the wavelength of the inscribing UV radiation. Concerning LPFG recording, the much smaller fluence value necessary for inscription in a PCF in comparison with a standard telecom fiber points to a much stronger resonance between the cladding and core modes in the LPFG-PCF case. Besides the hydrogen redistribution, such coupling enhancement could also be related to the specific mode structure in the ESM-12-01 corresponding to the hexagonal symmetry of this PCF, significantly different from circular-symmetric mode distribution in SMF-28. Our recent measurements of the polarization properties of a LPFG recorded in ESM-12-01 (Ref. 19 ) confirm the importance of this factor for the strong resonance between the fundamental and core modes. Another possible cause of coupling enhancement is related to the presence of the nonabsorbing holes in the PCF and the absence (regarding SMF-28) of a highly UV-absorbing fiber core (by the TPA mechanism) may increase the efficiency of LPFG fabrication because of a higher uniformity of PCF illumination. It should be also noted that the mechanical stress associated with the PCF hole structure could significantly enhance the fiber photosensitivity in the given case.
The LPFG spectrum of losses recorded in PCF is more complicated than that in SMF-28 [cf. Figs. 1(a)  and 2(a) ]. Peaks A, B, C, and D in a PCF correspond well to peaks K, L, M, and N in SMF-28, though the latter cluster occupies a wider wavelength region. Peak E is specific to our PCF. It should be emphasized that all photochemically inscribed peaks in the LPFG-PCF spectrum are very sensitive to any change of irradiation parameters or external conditions. From Figs. 1(b) and 2(b) [1(c) and 2(c)] it follows that transmission loss peaks in LPFG spectrum change their positions (amplitudes) with an increase in the irradiation fluence quicker in PCF than in SMF-28.
In conclusion, the two-photon high-intensity UV femtosecond approach allows us to produce longperiod fiber gratings in a photonic crystal fiber made of pure fused silica by using very low fluences in comparison with standard telecom fiber.
